Abstract: One of the challenges to realize large-scale water splitting is the lackofactive and low-cost electrocatalysts for its two half reactions:H 2 and O 2 evolution reactions (HER and OER). Herein, we report that cobalt-phosphorous-derived films (Co-P) can act as bifunctional catalysts for overall water splitting.T he as-prepared Co-P films exhibited remarkable catalytic performance for both HER and OER in alkaline media, with ac urrent density of 10 mA cm À2 at overpotentials of À94 mV for HER and 345 mV for OER and Tafel slopes of 42 and 47 mV/dec, respectively.T hey can be employed as catalysts on both anode and cathode for overall water splitting with 100 %F aradaic efficiency,rivalling the integrated performance of Pt and IrO 2 .T he major composition of the asprepared and post-HER films are metallic cobalt and cobalt phosphide,w hichp artially evolved to cobalt oxide during OER.
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Conversion of renewable energy resources through water splitting to H 2 and O 2 has attracted increasing attention.
[1] The sluggish kinetics of H 2 and O 2 evolution reactions (HER and OER, respectively) necessitate the development of competent catalysts.
[1] Owing to thermodynamic convenience and potential application in proton-exchange membrane or alkaline electrolyzers,most effort in this field has been devoted to developing HER catalysts for strongly acidic conditions and OER catalysts for strongly basic conditions.T ransition-metal sulfides,s elenides,p hosphides,c arbides,b orides,a nd even non-metal materials have shown catalytic performance for HER in strong acidic electrolytes,such as MoS 2 , [2] M-MoS 2 , [3] Co/Ni-WS x , [4] MS 2 and MSe 2 (M = Fe,C o, Ni, etc.), [5] FeS, [6] CoS, [7] Ni 3 S 2 , [8] MoC and MoB, [9] MoP, [10] WP and WP 2 , [11] CoP and Co 2 P, [12] Ni 2 P, [13] FeP, [14] andC u 3 P. [15] On theo ther hand, many OER catalysts based on the oxides/hydroxides of cobalt, [16] nickel, [17] manganese, [18] iron, [19] and copper [20] have also been reported with OER catalytic activities under basic conditions.H owever,t oa ccomplish overall water splitting, the coupling of HER and OER catalysts in the same electrolyte is desirable.T he current prevailing approaches often result in incompatible integration of the two catalysts and lead to inferior overall performance.I tr emains ag rand challenge to develop bifunctional electrocatalysts active for both HER and OER.
Herein, we report that af acile potentiodynamic electrodeposition using common cobalt and phosphorous reagents is able to prepare cobalt-phosphorous-derived (Co-P) films on copper foil ( Figure S1 in the Supporting Information). Theasprepared Co-P films can be directly utilized as electrocatalysts for both HER and OER in strong alkaline electrolyte,which can achieve acurrent density of 10 mA cm À2 with overpotentials of À94 mV for HER and 345 mV for OER with very small Tafel slopes,42and 47 mV/dec,respectively.When the Co-P films were deposited on the anode and cathode for overall water splitting,the superior activity and stability of the catalytic films can even compete the integrated Pt and IrO 2 catalyst couple.
Scanning electron microscopy (SEM) images of the asprepared Co-P film showed nearly complete coverage of the rough film on copper foil ( Figure 1a and Figure S2 ). No crystalline particles or aggregates were observed. Elemental mapping analysis indicated Co and Pwere distributed evenly over the entire film ( Figure S3 ). Thecross section SEM image revealed the thickness of the film in 1-3 mm( Figure 1a inset and Figure S4 ). TheX-ray photoelectron spectroscopy (XPS) survey of the as-prepared film ( Figure S5 ) showed all the anticipated elements.T he Co 2p XPS spectrum (Figure 1b) displayed two peaks at 778.3 and 793.4 eV,c orresponding to the Co 2p 3/2 and Co 2p 1/2 binding energies,r espectively. [21] These values are extremely close to those of metallic cobalt. [21] TheP2p XPS spectrum ( Figure 1c )exhibits adominant peak at 129.5 eV,w hich can be attributed to the phosphide signal. [21] Ab road feature at approximately 133.6 eV is assigned to phosphate.
[12b] In addition, elemental analysis of the as-prepared Co-P film gave the amount of Co and Pa s2 .52 and 0.19 mg cm À2 ,r espectively,w ith am olar ratio of 6.98 (Table S1) .
We first evaluated the HER activity of the Co-P film in strong alkaline solution ( Figure 2 ). It is evident that the blank copper foil did not show any HER catalytic activity before À0.3 Vv ersus RHE (reversible hydrogen electrode). In contrast, ar apid cathodic current rise was observed for CoPb eyond À50 mV versus RHE (Figure 2a inset) . Further scanning towards negative potential produced ad ramatic increase in current density along with vigorous evolution of 
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Chemie H 2 bubbles from the electrode surface.T he Co-P film required an overpotential (h)o fo nly À94 mV to reach ac urrent density of 10 mA cm À2 .S uch al ow overpotential requirement compares favorably to other reported HER catalysts at pH 14 (Table S2) . Remarkably,the Co-P film was able to produce ac atalytic current density of 1000 mA cm À2 within an overpotential of À227 mV.T he linear fitting of its Tafel plot (Figure 2b )gave aT afel slope of 42 mV/dec,which is among the smallest Tafel slopes of reported HER catalysts in alkaline media (Table S2) . Although Pt-C exhibited avery small catalytic onset potential, its Tafel slope (108 mV/dec) was significantly larger than that of the Co-P film. Therefore, beyond À167 mV versus RHE, the catalytic current density of Co-P surpassed that of Pt-C.Additionally,the Co-P film also exhibited superior long-term stability.A24 hc ontrolled potential electrolysis at h = À107 mV showed an early linear charge accumulation and steady current over the entire course of electrolysis (Figure 2c ). Theb lank copper foil generated negligible charge build-up under the same condition.
To probe the morphology and composition of the Co-P film after HER electrocatalysis,the SEM and XPS results of apost-HER Co-P film were collected. As shown in Figure 2d , the film still maintained auniform coverage on the copper foil and no apparent clusters or aggregates were observed (Figure S6) . Elemental mapping analysis confirmed the even distribution of Co and Pinthe post-HER film ( Figure S7 ). Its Co 2p XPS spectrum showed two peaks at 793.2 and 778.2 eV (Figure 3a) , corresponding to Co 2p 3/2 and Co 2p 1/2 states, respectively.T he similarity of the Co 2p peaks of the post-HER Co-P film compared to those of the as-prepared one (Figure 1b) i mplied the major composition of the film preserved as metallic cobalt during HER. Furthermore,apeak at 129.3 eV was observed from the P2pX PS spectrum of the post-HER sample ( Figure 3b) ; while the phosphate peak at 133.6 eV originally observed for the as-prepared Co-P film (Figure 1c )w as absent. Its absence is likely due to the dissolution of cobalt phosphate under cathodic condition. As shown in Figure S9 , the as-prepared and post-HER Co-P films exhibited similar capacitance,implying their similar electrical active surface area. Elemental analysis of the post-HER film gave Co and Pa mounts of 2.48 and 0.12 mg cm À2 with aC o/P ratio of 10.5 (Table S1) .
We next assessed the catalytic activity of the Co-P film for OER in the same electrolyte ( Figure 4 ). As expected, ab lank copper did not show appreciable anodic current before 1.7 V versus RHE. TheO ER catalytic current density of the Co-P film increased dramatically beyond 1.53 Vv ersus RHE (Figure 4a inset) . It could reached current densities of 10, 100, and 500 mA cm À2 at h = 345, 413, and 463 mV,r espectively,l ower than those of IrO 2 and many other reported OER catalysts (Table S3 ). Linear fitting of its Tafel plot resulted in aT afel slope of 47 mV/ dec.A so ne of the state-of-the-art OER catalysts, . .
Angewandte Communications
IrO 2 was able to catalyze OER at al ower onset of approximately 1.50 Vv ersus RHE, however its performance was quickly exceeded by that of the Co-P film beyond 1.58 V versus RHE. In fact, the Tafel slope of Co-P (47 mV/dec) is even lower than that of IrO 2 (55 mV/dec), demonstrating more favorable OER kinetics of the Co-P.Besides high OER activity,t he Co-P film also features excellent stability,a s revealed by a2 4h controlled potential electrolysis at h = 343 mV (Figure 4c) .
TheS EM image (Figure 4d )o ft he post-OER Co-P film indicates it contains large nanoparticle aggregates,i ns harp contrast to the rough and porous morphology of the asprepared and post-HER samples ( Figure 1a and Figure 2d) . Nevertheless,e lemental mapping analysis still demonstrated the even distribution of Co and Pinthe film (Figure S11 ), plus alarge concentration of O. Indeed, an intense O1speak was observed in the XPS survey spectrum of the post-OER film ( Figure S12 ). TheC o2ps pectrum displayed two peaks at 780.7 and 796.3 eV (Figure 3a) , which can be assigned to oxidized cobalt, Co 3 O 4 ,p lus its satellite peaks at 786.3 and 802.7 eV.
[12b] However,t he metallic cobalt 2p peaks at 778.0 and 793.0 eV could still be well resolved. TheP2p spectrum showed ap hosphate peak at 133.2 eV (Figure 3b) , whereas the original phosphide feature at 129.5 eV disappeared completely.T aken together, it indicated that the original cobalt in the Co-P film was partially oxidized to Co 3 O 4 and cobalt phosphate during OER. An OER electrocatalyst with am etallic cobalt core and cobalt oxide/hydroxide shell was reported. [22] Elemental analysis of the post-OER film resulted in the remaining amount of Co and Pas2.47 and 0.13 mg cm À2 with aCo/P ratio of 9.74 (Table S1 ), still similar to those of the post-HER film.
Based on the results aforementioned, we anticipated that the Co-P film could act as abifunctional electrocatalyst for overall water splitting.H ence, at wo-electrode configuration was employed (Figure 5a) . When the as-prepared Co-P films were used as electrocatalysts for both anode and cathode (Co-P/Co-P couple), ac atalytic current was observed when the applied potential was larger than 1.56 Vw ith aT afel slope of 69 mV/dec.The rapid catalytic current density exceeded 100 mA cm À2 at 1.744 V. When Pt-C or IrO 2 was used for both electrodes (Pt-C/Pt-C or IrO 2 /IrO 2 couple), much diminished catalytic current densities were obtained with large Tafel slopes of 166 and 290 mV/dec,r espectively.S ince Pt is well-established for HER and IrO 2 for OER, the integration of Pt-C on cathode and IrO 2 on anode was expected to produce the excellent catalytic system. Indeed, the IrO 2 /Pt-C couple was able to catalyze water splitting with an onset around 1.47 V ( Figure 5a inset). However,t he Tafel slope of IrO 2 /Pt-C is 91 mV/dec,l arger than that of Co-P/Co-P (69 mV/ dec). Therefore,w hen the applied potential was higher than 1.67 V, Co-P/Co-P was able to surpass IrO 2 /Pt-C in catalyzing overall water splitting.I n addition, the Co-P/Co-P couple maintained excellent stability as manifested by the steady current change and nearly linear charge accumulation for a2 4h electrolysis (Figure 5c ). In fact, the integrated activity of IrO 2 /Pt-C was slightly inferior to that of the Co-P/Co-P couple under the same conditions. Figure 5d indicates the produced H 2 and O 2 quantified by gas chromatography match the calculated amount based on passed charge well and the volume ratio of H 2 and O 2 is close to 2, leading to aF aradaic efficiencyo f 100 %.
In conclusion, we have reported electrodeposited Co-P films can act as bifunctional catalysts for overall water splitting.T he catalytic activity of the Co-P films can rival the state-of-the-art catalysts,requiring h = À94 mV for HER and h = 345 mV for OER to reach 10 mA cm À2 with Tafel 
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Chemie slopes of 45 and 47 mV/dec,r espectively.I tc an be directly utilized as catalysts for both anode and cathode with superior efficiency,s trong robustness,a nd 100 %F aradaic yield. The understanding of real-time composition and structural evolution of the films during electrolysis requires in situ spectroscopic study,which is under current investigation.
Keywords: electrocatalysts ·nonprecious metal catalysts · overall water splitting ·potentiodynamic deposition Figure 5 . a) Polarizationc urves of Co-P/Co-P (red), IrO 2 /Pt-C (blue), Pt-C/Pt-C (yellow), and IrO 2 /IrO 2 (black) for overall water splitting in 1 m KOH at ascan rate of 2mVs À1 (Inset:the expanded region around the onsets of those polarization curves);b )corresponding Tafel plots of Co-P/Co-P (red), IrO 2 /Pt-C (blue), Pt-C/Pt-C (yellow), and IrO 2 /IrO 2 (black) and their associated linear fittings (dotted lines); c) long-term controlled potential electrolysisofC o-P (red) and IrO 2 /Pt-C (blue) in 1 m KOH at an overpotentialof400 mV (Inset:the corresponding current change over time of Co-P (red) and IrO 2 /Pt-C (blue));d)generated H 2 and O 2 volumes over time versus theoretical quantities assuminga100 %F aradaic efficiencyf or the overall water splitting of Co-P/Co-P in 1 m KOH at h = 400 mV.
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